square of input phase and amplitude, but is still much simpler than using e
actual formulas. The approximation has shown to predict well the penalty ém=
to GVD in a singlemode fiber.
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Abstract: In high bit-rate multiwavelength optical transmission systems, self-phase
(SPM) and cross-phase (XPM) modulation interact with the fiber chromatic disper-
sion producing intensity distortion on the transmitted signals.

In this paper, starting from a generalization of the model of Wang and Petermann [1},
which approximately predicts the effect of phase-to-intensity modulation (PM/IM)
conversion in purely linear fibers, we introduce a new analytical model of the intensity
distortions induced by SPM and XPM. The model well captures the distributed
generation of SPM (XPM) by accounting for the PM/IM conversion due to the
infinitesimal SPM (XPM) components generated in each infinitesimal segment along
the fiber.

1. Introduction ,

At the large transmission powers needed in high bit-rate multi-span wave-
length division multiplexed (WDM) communication systems with in-line fiber
amplifiers and dispersion management, the interplay between nonlinear phase
modulation, i.e., self-phase (SPM) and cross-phase modulation (XPM), and
group-velocity dispersion (GVD) plays a primary role in setting the limits to
system performance [2], [3].

An accurate study of such interactions must necessarily resort to a time
consuming numerical solution of the nonlinear Schrédinger equation (NLSE),
since a general analytical solution for non-soliton input pulses is not available
when both the dispersive and the nonlinear terms are present [4].

Thus, simple approximate analytical models that capture the essence of
this interplay have been proposed, by either introducing approximations in
the NLSE or resorting to phenomenological approaches, both in single-channel
systems [5], and in multichannel systems [6], 7], [8], [9], [10].

In [6]-[9] a linear model for the interaction between XPM and GVD was
proposed, based on a model for phase-to-intensity modulation (PM/IM) con-
version in linear fibers [1]. It works as follows. A high-power modulated pump
signal induces XPM on a weak probe continuous wave (CW) signal. The XPM
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on the probe at the end of the link is the sum of the XPM contributions gener-
ated in each infinitesimal fiber segment. Fach infinitesimal XPM contribution
gives an infinitesimal intensity distortion (or noise, if the XPM is considered as
a random process) by PM/IM conversion at the end of the link. Such infinites-
imal contributions add up to give the total output probe intensity distortion.
The main assumptions in the model are:

1) the probe is low-power, which allows to neglect the interaction between
XPM and-the SPM on the probe;

2) the probe channel is CW, which allows to define an average intensity
level to which the relative intensity noise (RIN) is referred;

3) the RIN is small with respect to the average intensity at all points along
the link, which is the basic assumption of the linear model in (1}

4) The modulated pump intensity is only attenuated but not distorted
during propagation.

In this paper we mitigate assumption 4) by assuming the pump is distorted
by GVD only. Comparisons with accurate numerical solutions of the NLSE
show that this model is valid over a broad range of system parameters, which
encompass all practical terrestrial WDM dispersion managed systems at bit
rates per channel up to 40 Gb/s.

Following the same idea, but starting from a generalization of the theory in
(1], we also present a model for the interaction between SPM and GVD. This
SPM/AM model, whose accuracy is inferior to the XPM/IM one, can nonthe-
less be of significant value in the understanding of the SPM/GVD interplay.

2. Generalization of the Wang-Petermann Model

Consider the propagation along a linear, single-mode, lossless fiber of length L.
The fiber operates on the complex envelope E;,(t) (relative to a reference fre-
quency {2 = 2mc/], ¢ being the speed of light and A the reference wavelength)
of the input electric field with a lowpass equivalent filter with frequency re-
sponse given by [11]:

Hw) = mlg%hewlgﬁhew (1)
Where D A2 oD
& _ AU & _A 2 OU
r= e’ T 6(2mc)? AM\G A SV

w is the frequency offset from 2, and D and % are the fiber dispersion

parameter and dispersion slope, respectively, at the reference wavelength .
In (1) only the first- and second-order chromatic dispersion terms have been
taken into account. First-order dispersion is known as group-velocity dispersion
(GVD). The inverse transform of (1), when only GVD is accounted for, is:

forY >0

A (2)
%AH +.wv forT <0

i

It is useful for later purposes to write the impulse response in its real and
imaginary components: h(t) = hg(t) + jh;(t), which are obtained from (2) as:

— 1 : 12 12
\uh@v - /\ms._R._b _HMHD Aﬁ&._hv + cos Ap T hvg va
— Sgn(T) .. 2\ _ 12
ha(t) = N TE Ap_ﬂ_hv cos A» T hv_
Similarly, in the frequency domain the equivalent lowpass fiber frequency re-

sponse ((1), with I' = 0) can be written as the sum of its real and imaginary
part H(w) = Hr(w) + jH(w):

A Hp(w) = cos(TLw?)

Hi(w) = —sin(YLw?) (4)

and since both Hr(w) and H(w) are real and even, their inverse transforms
are real and coincide with the real and imaginary components of the impulse
response hg(t) and hr(t).

The complex envelope of the output field is obtained as the convolution
(®) of the input envelope and the impulse response:

m.c:n@v = .@&SAS ® FQV Amv

The output field has intensity! Ppy;(t) 2 [Eout(t)|?> and therefore the relation
between the input and output initensities is not linear.

In a well-known paper [1], Wang and Petermann gave a small signal linear
relation between the input and output phases and intensities, in the assump-
tion of a fiber with only GVD (I'" = 0 in (1)). Here we provide a generalization
of such model.

Let E;n(t) 2 ain(t)e?%n (%) be the fiber input field, where a;,, and 6;,, are real

quantities representing the field magnitude and the field phase, respectively.

Define similarly the output field as E,y:(t) = Aout(t)e?¥++ () The input and

output intensities are thus P;,(t) = a2,(t) and P,y (t) = a2,,(t), respectively.

From (5) we get:
B0t () = [a1n(6)e7% 0] @ (1) + jhr (1] ©)

We now want to get linear relations between the field input and output
: A
phase and magnitude. To this goal, we define a;,(t) =<Ain> +Aain(t) and

Gout(t) WAK»B;V +Aaout(t), where we introduced an arbitrary average input

magnitude <A;,> and output magnitude <A,,;>, and defined the pertur-
bations Aain(t) and Aayy:(t) of such averages. In the hypothesis of small

! We use normalized complex fields whose units are +/ W, so that the intensity is ,
measured in W.




amplitude perturbation (|Aain(t)] K< Ain> and |Aagu(t)] K<Aour>), we
can expand the exponential e® ~ 1 + z and eq. (6) becomes:

A\»e:sv +BQ6.§A3 +.w A&.uﬁsv %e:a@v =
ﬁA\»oﬁaV +BQ6:» Qv + .w Axwosv %05 ASH_ ® _HF.NAS + .w.\: Qv_ Aﬂv

Using kg ()®1 =1, and h;(t)®1 = 0, and assuming without loss of generality
<A >=<Asu>=<A4>, we get:

A Adout(t) = — <A> (h1(t) ® Bin(t)) + hr(t) ® Ain(t) 3
QQSQV ~ hr(t) ® Oin(t) + x:s ® mM..J‘M».LVMN ©®

or equivalently:

ﬁ@oﬁ Qv ~— <A> Q:Qv ® Oin, vav + hr Qv ® Q&:QV va
Oout (t) =~ hR(t) ® Bin(t) + hr(t) ® L

Relations (8) and (9) represent the sought generalizations of the Wang-Peter-
mann formulae ([1], eq. (27)), but applied to the electric field instead of its
intensity. They also apply not only to the fiber, in which chromatic dispersion
is expanded to any order, but also to general optical filters h(t). Transforming
(8) and using the fiber frequency response components (4) we get:

Abkﬁxv@v | A 8&?&3&&?&3% (10)
Bout () — sin(Y Lw?) cos(T Lw?) in(w)

Note that, for 8;,(¢) = 0, eq. (9) reduces to @out(t) =~ hr(t) ® ain(t). In the
frequency domain: A,yt(w) ~ Hr(w)Ain(w). Observing that the exact expres-
sion is Aout(w) =~ [Hr(w)+jHi(w)]Ain(w), the small amplitude approximation
corresponds to neglecting Hy(w) with respect to Hr(w). Such approximation

is valid when tan % <« 1, that is:

me
A2DL (11)

This means that the approximation is more accurate when the the signal spec-
trum is narrow and the accumulated dispersion DL is low.
The Wang-Petermann formulae ([1], eq. (27)) can be simply obtained by

making the further approximations: Pin(t) 2<pP> 1+ Ev ~< A>?

ENAA

- <P>
; Pay ,
(1 + 22242(0) and Pouy(t) S<P> (14 220)) < d>? (14 2805,

where <P> is the time-averaged intensity, and AP;,(t), APyy:(t) the small
intensity perturbation terms. As an example, in Fig. 1 the predictions of the
output intensities obtained with the Wang-Petermann formulae (left, dashed
line) and the generalized one (right, dashed line) are compared, for a system
composed of a single span of 50 km standard single-mode fiber (SMF, D=17
ps/km/nm). The output intensity obtained by simulation is represented by
a thick line, while the thin line represents the input intensity. The better
prediction of the generalized model is evident.
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Fig. 1. Comparison between Wang-Petermann model and generalized model.

3. Intensity Distortion Induced by XPM

XPM is a simple phase modulation which has the only particularity that grows
in a distributed way during the propagation along the fiber. After its gener-
ation, like every phase modulation, XPM is converted to intensity noise by
means of the PM/IM conversion induced by GVD. Analytically, we can take
into account this distributed generation by supposing that the overall intensity
noise is the sum of the contributions of XPM generated in each infinitesimal

fiber segment, each one converted to intensity modulation by the dispersion * -

accumulated from this segment to the end of the fiber link.

j Pump power Probe power I\/\/\I
z &
T
x_u_s/mm
O N O PO N O O g
H X
Tx L | T L
Pump intensity distortion !l Phase to intensity conversion
- (GVD only) L"q {(induced by GVD) .
IMIM __ PM/IM
conversion IM—=XPM conversion

Fig. 2. Graphical interpretation of the theoretical model for the XPM-induced in-
tensity distortion.

The key idea for our model is presented in Fig. 2. We consider an initially




ronociromatic probe charnnel and an intensity modulated pump channel. In
each infinitesimal segment dz of the multi-span fiber link, the intensity modu-
lation of the pump induces, through XPM, a phase modulation on the probe.
This infinitesimal phase modulation of the probe is then converted to ampl-
tude modulation through PM/AM conversion by the overall dispersion accu-
mulated from the distance z to the receiver. The conversion can be calculated
using the generalized Wang-Petermann model. At the receiver, the overall in-
tensity &mﬁ_ow‘ﬂoa on the probe is simply the sum, that is the integral, of the
contributions of intensity distortion generated in each infinitesimal segment
dz of the fiber. The problem is the knowledge of the pump power at the dis-
tance z. Here, the shape of the pump is distorted because of the GVD, SPM
and XPM accumulated during the propagation from the transmitter to the
distance z. In a previous model [8], [9], we supposed that the pump intensity
distortion was indistorted during the propagation. This assumption. has been
made also for two models very similar to our [6], [7]. Here, we improve the
model, by removing this assumption, and supposing that the pump power is
distorted only by GVD, which, during the propagation, is the major cause of
intensity distortion, in particular at high bit rate. In fact, this less stringent
hypotesis allows the model to be valid for bit rates up to 40 Gb/s.

Consider one span of single-mode fiber of length L, with two co-propagating
channels, s and p, having the same polarization. Probe channel s is continuous-
wave (CW), while pump channel p is intensity modulated, being P,(0,w) the
Fourier transform of its power at the beginning of the fiber. Let v, and Up be the

group velocities of the two channels, and let d,,, £1 [vs—1/v, = D Ay be the
walk-off parameter [12], with D the fiber dispersion at the probe wavelength
and A,y the channel spacing.

The pump power at coordinate z along the fiber, in the assumption that
the interfering channel intensity distortion is due to GVD only, has Fourier
transform (with respect to a time frame moving with the probe group velocity)
given by:

A ot A2
Py(z,w) = Pp(0,w)el~aHiwdsr)z cq TNNQMUL (12)
The imaginary argument of the exponential term accounts for the time shift
due to channel walk-off, while the cosine term accounts for the intensity-to-
intensity conversion induced by GVD in the assumption of small perturbations

(1].
The probe phase induced at z through XPM by propagation of such pump
over an infinitesimal segment dz is:

dsp(2,w) = —27Py(z,w)dz (13)

Such phase modulation enters the remaining L — z km of fiber: if such fiber
were purely linear, it would produce at its output a relative probe amplitude
distortion (see eq. (10)):

imwﬁwwev — \“TN\/I FLL dfsp(2,w) (14)

where < P; > is the time averaged output probe power, A the probe wavelength

and cthe light velocity. . .
The total relative output amplitude distortion on the probe is obtained by
integrating (14) in dz over the fiber length:
AAgp(w)

<is " Pp(0, w)Hyp(w) (15)

where we defined the XPM/AM filter as:
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where D, is the residual dispersion accumulated from the beginning of the fiber
to the end of the system, here D, = DL, and D, is the dispersion accumulated
from the beginning of the system to the beginning of the fiber, here D, =0.

Consider now the general case of a chain of M end-amplified fiber links,
with a;, Q:U??.hmw the attenuation, nonlinear and dispersion oommmamam.; the
length and the walk-off parameter of the i-th link, ¢ = 1,..., M, respectively.s
Suppose that the i-th amplifier has gain Q%v for the pump, 80 that the pump
power at coordinate z of the k-th link, in our assumptions, is

k) 5 A2

—_ iwd k .
Py(Ly + z,w) = Qumsﬁnﬁo,ev& ok +jwdsy)Z cog T ﬂAUM )+ Dpz)| (17)
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mulated dispersion from the beginning of the system to the beginning of the

fiber is now D) £ Skl Dl o
Reasoning as before, the XPM contribution

%va (2,w) = =27 Pp(Lg + 2z,w)dz (18)

generated at coordinate z of the k-th fiber enters a “purely linear equivalent
fiber” so that its contribution to the relative output amplitude distortion on

the probe is

(k) 2
sy (2,0) = —sin Em.h/lﬁums — Dyz) %an (z,w) (19)
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The residual accumulated dispersion from the beginning of the k-th link to

the end of the system is now UME 2 M&M  Dili. Integrating as before over the
k-th fiber length and adding the contributions of all fiber segments, the overall
XPM/AM filter for the M links becomes: Hyp(w) = MVﬂ 1 Q? &) p’ (w), where
Hsp &) (w) is given by (16) with the appropriate parameters of &5 k-th fiber.
Hrm 85S<m H:.ovm power distortion at the system end is given again by eq.
(15). T
When m,.m<o~& pump channels are present, the total relative probe amplitude
distortion can be written as the sum of the contributions due to each pump:

Ax_. > Muﬁ (0,w)Hyp(w) (20)
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Fig. 3. Square magnitude of the XPM filter for a single span 50 km long.

In Fig. 3 the square magnitude of the filter (16), multiplied by two to give
the power distortion (under the further approximation seen in section 2), i
plotted for a single span 50 km long, fully compensated by an ideal linear fiber,
for two different transmission fiber: a SMF, with dispersion 17 ps/km /nm, and
a non-zero dispersion-shifted fiber (NZDSF), with dispersion + 2 ps/km/nm.
It is evident that the filtering action is more effective for the SMF, being the
curve lower. This is due to the well-known filtering effect of walk-off [12].

3.1 Simulation Results

In Fig. 4 and Fig. 5 we compare the results of computer simulations performed
with a split-step Fourier method (4], with the predictions of eq. (15). Simu-
lations include the effects of GVD, SPM and XPM for the pump, and GVD
and XPM (no SPM) for the probé, to highlight the precision of formula (15).
Simulations are carried out for a 5 span WDM system, perfectly compensated
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Fig. 4. Simulations of two 10 Gb/s systems, M = 5 spans, A\ = 0.8 nm. Top row:
NZDSF+SMF system. Bottom row: SMF+DCF system. Time is normalized to the
bit time 1/R.

after each span, with 5 dBm peak power for both pump and probe, and chan-
nel spacing AX = 0.8 nm. The probe is CW, while the pump is on-off keying’
(OOK) modulated with nonreturn-to-zero (NRZ) raised cosine pulses (roll-off
0.8) at a bit rate R = 10 Gb/s for Fig. 4, and 40 Gb/s for Fig. 5.

Fiber | Dispersion Slope Effective area|Nonlinear coefficient|Attenuation
[ps/km/nm]|[ps/km/nm?] [um?) 10~2°[m? /W] [dB/km]
SMF 17 0.07 80 2.7 0.22
NZDSF -2 0.07 57 2.7 0.22
DCF -100 0.09 20 2.6 0.6

Table 1. Fiber parameters.

Top graphs refer to a system in which the transmission fiber for each span
is a negative NZDSF, with length I = 100 km, and a SMF, with length [ =
11.765 km, is used for span compensation. Bottom graphs refers to a system
in which the transmission fiber is a SMF, with [ = 100 km, and a dispersion
compensating fiber (DCF), with ! = 21.25 km, is used for compensation. Fiber
parameters are given in Table 1.
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In both systems, the wavelength of exact compensation is halfway between
channels. The figures show the probe output power, both simulated and pre-
dicted by eq. (15). As seen from Fig. 4, the accuracy of the improved model
is the same as of the one presented in [9] at the bit rate of 10 Gb/s. On the
other hand such model failed at the bit rate of 40 Gb/s, while the improved
one is still valid (Fig. 5).

As already mentioned, SPM was intentionally not included in the simu-
lation of the probe, in order to check the accuracy of the theory, which only
accounts for XPM. In Fig. 6 we show simulated results in which the SPM on the
probe is either OFF (dashed line) or ON (solid line). As we can see, the SPM
caused by the XPM-induced intensity noise (XPM/IN) tends to increase the
intensity fluctuations. Hence our model tends to underestimate the variance of
the overall kerr-induced intensity noise on the probe channel. The difference
between dashed and solid curves in the SMF+DCF system is somehow sur-
prising, since the SPM caused by the XPM-induced intensity noise should be
a second-order effect, and hence one would guess it to be much smaller than
the XPM/IN causing it. The reason why it is indeed larger than the XPM/IN
is the following: the XPM/IN is mostly reabsorbed by compensation, as the
XPM is mostly generated at the beginning of the link, where power is large.
SPM induced by XPM/IN is mdst efficienly generated away from the input,
although not too much, since the power must still be large enough. Thus the
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Fig. 6. Simulations of two 10 Gb/s systems, M = 5 spans, A\ = 0.8 nm, with and
without SPM. Top row: NZDSF+SMF system. Bottom row: SMF+DCF system.
Time is normalized to the bit time 1/R.

IM induced by such SPM cannot be completely reabsorbed by compensation.
This is particularly true for large-dispersion fibers, as we can see from the bot-*
tom figure. In the same figure, we can also note that, in the region on the left,
the XPM/IN is generated in the transmission fiber and, therefore, is almost
completely reabsorbed during compensation, making the SPM induced by it
prevalent on the residual XPM/IN. In the region on the right, in which the
XPM is generated in the compensating fiber by the same bits (shifted because
of walk-off [12]), the XPM/IN is not reabsorbed during compensation, and
the induced SPM is not negligible. This means that the effect of the induced
SPM is not negligible when the XPM/IN which induced it is minimized by
compensation. On the other hand, a non-optimal compensation is sufficient to
make negligible the relative weight of such effect.

4. Intensity Distortion Induced by SPM

In this Section, we will apply the same method as in Section 3 to cope with
the intensity distortion induced by SPM.

Consider one span of single-mode fiber of length L, with a linearly-polarized
intensity modulated input signal, having zero initial phase. Let the Fourier
transform of the input intensity Pi,(t) = ain(t)? be P(0,w). Let’s find the
SPM generated at coordinate 0 < z < L along the fiber. Assuming that

s
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the signal up to coordinate z is distorted by GVD only, according to the

Wang-Petermann model ([1], eq. (27)), its intensity has Fourier transform
(referred to a time frame moving with the signal group velocity) given by:

P(z,w) = P(0,w)e~%* cos AEN%UNV where the cosine term accounts for the

IM/IM conversion caused by the intensity perturbation P(0,w) in ([1], eq.
(27)), and we took into account the fiber attenuation per unity length « since
the power level at z matters in determining SPM. The phase induced at z
through SPM by propagation of the signal over an infinitesimal segment dz
is [11]: dfspm(2,w) = —yP(z,w) dz, where v is the nonlinear Kerr coefficient.
Such phase modulation enters the remaining L — 2z km of fiber: if such fiber were
affected by GVD only, it would produce an infinitesimal relative magnitude
distortion at its output, obtained using (10) as

dAspm(z, Ev o2 22
< A> ~sin drc

(L - va d0spm (2, w) | (21)

where < A > is the average output field magnitude. The SPM induced by such
infinitesimal magnitude distortion is neglected.
The total output relative magnitude distortion induced by SPM is obtained
integrating (21) in dz over the fiber length:
Adspm(w) _
<A>
where we defined the SPM/AM conversion filter as:

N&%RAEV 2 4\oh Amrnu cos A 2 X qu sin A 2 A UAHINVV W dz (23)
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Such integral can be computed as:
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where D, is the residual dispersion accumulated from the beginning of the fiber
to the end of the system, here D, = DL, and D, is the dispersion accumulated
from the beginning of the system to the beginning of the fiber, here D, = 0.
Consider now the general case of a chain of M end-amplified fiber links,
with a;,7;,D;,l;, the attenuation, nonlinear and dispersion coefficients, and
the length of the i-th link, i =,1,..., M, respectively. Suppose that the i-th

amplifier has gain GY for the signal, so that the signal intensity at coordinate

z of the k-th link, in our assumptions, is

2
P(Ly, + z,w) = C*) P(0, w)el~**)* cos M b - (D® + Dy2)

where L 2 Mqu: ® 2 ETH et-akgd o) & = 1, and the accumu-
lated dispersion from the beginning of the system to the beginning of the

fiber is now UE 2 M%n ' D,l;. Reasoning as before, the SPM contribution
%Mww; (z,w) = =y P(Lg + z,w)dz generated at coordinate z of the k-th fiber

_enters a “purely linear equivalent fiber” so that its contribution to the relative

output magnitude distortion is

Ak 2
dAam() _ _ g |2 X (pw _ p, )

E
<A> As.n &&ﬁw: (z,)

The residual accumulated dispersion from the beginning of the k-th link to

the end of the system is now p® £ 2 MuT D;l;. Integrating as before over
the k-th fiber length and adding the contributions of all fiber segments, the
overall SPM/AM conversion filter for the M-link system becomes: HAM () =

spm
MMT (k) Mww; (w), where mmwi ) is given by (24) with the appropriate pa-
um,BmSHm of the k-th fiber. The signal relative magnitude distortion at the
system end is given again by eq. (22).

Although such results could be put in terms of the output signal relative
intensity distortion by using ([1], eq. (27)) instead of (10), it is found that the
field approach is more accurate than the intensity approach, as already verified,
in Section 2.

Finally, if the effects of GVD and SPM add up, the output field magnitude
is obtained from (9) and (22), a;

Gout (t) 2<A> (Rt (t) ® a2, (t) — hi(t) ® 8in(t)) + hr(t) @ ain(t)  (25)

where :%3 (t) is the inverse transform of (24), and hg(t) and h;(t) indicate the
real and imaginary impulse responses of the concatenation of fibers composing
the (possibly compensated) system.

An important comment must be made on eq. (25). Such equation was de-
rived under the hypothesis of small perturbations around the average value of
the signal amplitude <A>. In the case of SPM such hypothesis is clearly vio-
lated, being the intensity variations at the input due to the on-off modulation
of the signal itself. On the other hand, we can think that these variations are
relative, rather than to the average value, to the instantaneous signal value,
for which we have an approximate expression if GVD only contributes to its
distortion. In this case, <A> is replaced, in eq. (25), by hg(t) ® a;, (t), (indeed
by its absolute value, being the intensity a positive quantity). Even if not read-
ily analytically justifiable, this empirical choice allows to obtain much better

v

o




results than these obtained using <A>. Therefore in the results we used the

formula:

out(t) = |hR(t) @ ain(t)] [himn (t) ® aZ,(t) — hr(t) ® Oin(t) + 1] (26)
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Fig. 7. Simulations of a 10 Gb/s NZDSF+SMF system, M = 5 spans. Top row:
details of crests (marks). Bottom row: details of troughs (spaces). Time is normalized
to the bit time 1/R.

4.1 Simulation Results

In Fig. 7 and Fig. 8 we compare the predictions of eq. (26) with the results of
computer simulations, performed once again for the two systems composed of
5 spans of NZDSF and SMF, respectively, and perfectly compensated at each
span. Only one channel at 10 Gb/s is propagated, with the peak power of 5
dBm. Figures show the output intensity, with details of the space (top) and
mark (bottom) bits. The accuracy of the prediction is quite good for the first
system, while for the one based on SMF (because of the higher dispersion) the
effects of SPM are a little underestimated. Other simulations have shown that
the error grows proportionally with the number of spans. This means that the
model cannot be used if an accurate estimate of SPM is required. On the other
hand, the model well captures the mechanism of the interaction between GVD
and SPM, and can therefore be used for a theoretical study of such mechanism.
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Fig. 8. Simulations of a 10 Gb/s SMF+DCF system, M = 5 spans. Top row: details
of crests (marks). Bottom row: details of troughs (spaces). Time is normalized to the
bit time 1/R.

5. Conclusion

*
In this paper we introduced a new linear model for the intensity distortion
induced by XPM and SPM in dispersion compensated transmission systems.
By comparison to simulations we have shown that the model well captures
the essence of the interaction between nonlinear phase modulation and GVD,
giving quite accurate predictions of the signal distortion, especially in the case
of XPM, within a large applicability range.
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